This study investigated the contact interf ace behavior between a wafer and a polishing pad in sapphirechemical mechanical polishing (CMP) for considering the improvement of the removal rate. In our previous study we clarified that the linear velocity ratio, defined as the ratio of slurry flow velocity to pad linear velocity, remarkably affected the stability of the removal rate. The effect of the linear velocity ratio was discussed from the viewpoints of the slurry type. It was found that the slurry type changed the slurry film thickness between the wafer and the polishing pad. The relationship between the slurry film thickness and the surface asperity of the polishing pad was found to affect the linear velocity and the removal rate. As a result, we concluded the linear velocity ratio was an effective parameter for considering the CMP mechanism.
Introduction
In the recent years, the demand for light emitting diodes (LEDs) continue to rise because LEDs can reduce energy consumption when compared with conventional light sources. In the fabrication process of LEDs, sapphire material is an ideal material because of its relatively low cost, large attainable diameter, chemical compatibility, optical transparency and high temperature stability (Yu-Nong Zhang, et al., 2013) . In addition, sapphire crystal structure is preferable for LED lights efficiency in order to have a wider beam angle and a structure similar to that of gallium nitride (GaN) . In order to bring out the superior features of a sapphire substrate, it is necessary to precisely control the substrate geometry. Since the highly planarized surface of sapphire substrates is one of the most demanded features to realize high quality LEDs, chemical mechanical polishing (CMP) plays an important role in the final fabrication process of sapphire substrates (I.P. Smirnova, et al., 2006) (Toshiro K. Doi, et al., 2012) . However, sapphire is unanimously considered as a hard-to-process material. Therefore, the sapphire-CMP is a time-consuming process due to its low removal rate (Hideo Aida, et al., 2012) .
The removal rate is generally proportional to the relative velocity between the wafer and the polishing pad, the polishing pressure and Preston's index in accordance with Preston's equation (F. W. Preston, 1927) . It can be simply considered that high removal rate will be obtained under suitably high parameters: high relative velocity and high polishing pressure. As a side effect, these requirements can increase the likelihood of causing damages and scratches on the substrate surface (In-Ha Sung, et al., 2012) . Hence, these parameters are not normally employed for practical, routine polishing. As mentioned previously, another way except for the relative velocity and the polishing pressure to obtain high removal rate in sapphire-CMP is to optimize Preston's index. Preston's index is the proportionality factor determined by variable consumables such as a slurry, a polishing pad, a retainer ring, a conditioner disc, and so on. Therefore, it is important to investigate the influence of the consumables on the removal rate of the hard-to-process materials. While there exists many studies which report an improvement with some consumables, it is well known that the slurry flow behavior between the wafer and the polishing pad has a strong relationship with the polishing characteristics during CMP (Elon J. Terrell and C. Fred Higgs III, 2006) (Dipt G. Thakurta, et al., 2006) (Michio Uneda, et al., 2014) .
This study aims to clarify the effective parameters of slurry flow behavior in order to consider the improvement of the removal rate in sapphire-CMP. Thus, we will experimentally demonstrate the effect of the slurry type on the removal rate from the motion analysis of slurry flow against the polishing pad from the viewpoint of the type of slurry. Figure 1 and Table 1 indicate the schematic drawing of the experimental method and conditions respectively. CMP was applied to 4-inch diameter sapphire substrates with two kinds of colloidal silica slurry (type A and B) and a suede-type pad. Table 2 shows the characteristics details of slurry A and B, where we have measured the removal rate and the slurry flow velocity at the contact interface between the wafer and the polishing pad. The digital image correlation (DIC) method was used as a digital image processing for the slurry flow velocity measurement, which is a Figure 2 details the measurement principle of the DIC method. A brief overview of the DIC method is given in the next section:
Experiment model
(1) The micro-area A having S × S pixels at measurement base point N(x,y), hereafter referred to as subset, is set in the original image. In this paper, S was set to 51 pixels and size per pixel was 0.137 mm/ pixel. (2) The subset B is set in the compared image at the same location of the original image. (3) In the compared image, the location of subset B is scanned near the initial location to seek the position of pixels with similar brightness area of the subset A. Figure 3 Figure 5 shows the evaluation results of the slurry flow between the wafer and the polishing pad. In the contour diagrams, the dark and bright areas indicate high and low slurry flow velocities, respectively. As discussed in chapter 4, the brightness distribution indicates the slurry geometry between the wafer and the polishing pad. Therefore, a time-dependent change of the slurry geometry can be obtained by a template matching of the brightness distribution before and after the displacement. We will discuss the details of our analytical principle in the next paper. In this paper, we used an average value of the linear velocity ratio distribution shown in Fig Figure 6 is the contour diagrams of the linear velocity ratio of slurry A and B when the rotational speed was set to 10 and 80 min -1 . In these diagrams, the dark region shows areas where the slurry flow velocity is similar to the pad linear velocity. By contrast, the bright region shows areas where the slurry flow velocity is lower than the pad linear velocity. Figures 7 and 8 present the relationship between the rotational speed, removal rate and the linear velocity ratio when slurry A and B were used. The removal rate is increased monotonically with the rotational speed regardless of the type of slurry. However, the removal rate of slurry B is smaller compared with that of slurry A, and the removal rate of slurry B is saturated over the rotational speed of 50 min -1 . The linear velocity ratio of slurry A is approximately . On the other hand, the linear velocity ratio of slurry B is lower compared with slurry A when the rotational speed is smaller than 50 min -1 .
Influence of the slurry

Discussions 4.1 Impact assessment of linear velocity ratio using multiple correlation analysis
The influence of each relevant parameter can be evaluated using a multiple correlation analysis. By using this method, the removal rate expressed by the response variable Y, is a function of each relevant parameter: the rotational speed, the polishing pressure, the contact angle and the linear velocity ratio. In the following equation these parameters are expressed as the explanatory variables X k (Geoffrey Keppel and Sheldon Zedeck, 1989) .
where k is a natural number from 1 to K, and K stands for the number of explanatory variables (in this case K is four).
Here, in applying the multiple correlation analysis, all the parameters in the analysis must be independent. On the other hand, the linear velocity ratio is one of the experimental results and it depends on the rotational speed, the polishing pressure and the contact angle. However, the correlation indexes between the linear velocity ratio, the rotational speed, the polishing pressure and the contact angle are sufficiently low: 0.6686, -0.2910 and -0.1734 respectively. Furthermore, the correlation index between the linear velocity ratio and the removal rate is also low: 0.3709. Therefore, when considering the change in the removal rate, the linear velocity ratio and the contact angle are independent and the linear velocity ratio can be introduced as the explanatory variable in the multiple correlation analysis. Therefore, the analysis in this paper exceed the proper mathematical rule, but we propose a new possibility to discuss the qualitative consideration the effect of each parameters on the removal rate in the sapphire-CMP experimentally. Tables 3 and 4 show the list of each evaluation parameter used for the multiple correlation analysis according to the removal rate and exhibit the results of the mechanical parameters (rotational speed and polishing pressure), the linear velocity ratio and the contact angle. The multiple correlation analysis takes into account two different pressures (3.7 and 10 kPa) in accordance with our previous result (Michio Uneda, et al., 2014) . The correlation index, obtained Table 4 , the "T-value" means influence on the removal rate. From the provided data, it can be understood that the parameter is effective when the |T-value| is over 1.4. Moreover, the parameter has strong influence on the removal rate when |T-value| becomes larger and larger. On the other hand, the "P-value" is relevant for the removal rate. It can be understood that the parameter is more relevant when the P-value is below 0.2. Moreover, the parameter has a stronger impact on the removal rate when the P-value is smaller. According to the multiple correlation analysis results, the linear velocity ratio plays an important role based on the T-and P-values. Considering the relationship between Figs. 7 and 8 in the case of slurry B, when the rotational speed is larger than 50 min -1 the linear velocity ratio remarkably changes and the removal rate saturates. Therefore, the contribution of slurry for polishing can be evaluated by the linear velocity ratio. In the case of slurry B, the slurry film thickness at the polishing pad-substrate interface is thicker because of the high contact angle. Therefore, the slurry flow velocity is higher and it is difficult for the slurry particles to reach the substrate.
Effects of slurry film thickness at the contact interface on the removal rate and the linear velocity ratio
We focused on the slurry film thickness at the contact interface during CMP to investigate the effect of the linear velocity ratio. In order to estimate the slurry film thickness from the slurry flow images, the relationship between the brightness of the static slurry film image and the slurry film thickness was investigated. Figure 9 depicts the measurement method of the wafer upward displacement and the slurry brightness between the wafer and the polishing pad in the static condition. Here, the polishing pad and the wafer were not rotated. First, the upward displacement of the wafer was measured by means of a laser displacement sensor, as shown in Fig. 9 (a) Relative velocity mm/s Fig. 12 Brightness value with slurry A and B slurry was set to zero. The displacement of the wafer from the reference point was then measured as the slurry film thickness. After displacement measurement, the slurry film image was taken by the high speed camera as shown in Fig.  9 (b) to evaluate the brightness at the center. The size of measurement range is 51×51 pixels, which is the same scale used for the slurry flow analysis.
The slurry film thickness is defined by a model of cross sectional image as shown in Fig. 10 . It is thought that the surface of the nap layer of the suede pad without the slurry is pressed and flattened by the polishing pressure as shown in Fig. 10 (a) . When the slurry is supplied into the interface between the wafer and the polishing pad, the slurry forms the slurry film. The slurry film pushes the wafer upward, and as a result the surface roughness of the nap layer of the suede pad is restored. The slurry film thickness is defined as the upward displacement of the wafer surface from the zero reference point.
The actual slurry film thickness during the polishing process cannot be measured because the apparatus as shown in Fig. 9 (b) has to be used for the slurry flow image observation. Thus, the relationship between the upward displacement of the wafer and the brightness value obtained in the static condition as shown in Fig. 9 (a) is used to Uneda, Takano, Koyama, Aida and Ishikawa, Mechanical Engineering Journal, Vol.3, No.1 (2016) © 2016 Velocity ratio
Rotational Fig. 15 Linear velocity ratio when slurry A and B were used estimate the slurry film thickness. There is a high correlation between the displacement of the wafer and the brightness value as shown in Fig. 11 . From these results, it is confirmed that the slurry film thickness can be evaluated by the brightness in the slurry flow image. Figure 12 indicates the relationship between the brightness value, the slurry film thickness and the rotational speed in each experiment during CMP. Note that the slurry film thickness during CMP was estimated by Fig. 11 in the static condition. Figure 13 is a combination of Figures 8 and 11 . It is clear that the slurry film thickness affects the linear velocity because the slurry film thickness, estimated by the image brightness, correlates with the linear velocity ratio as shown in Fig. 13 . The phenomenon of the removal rate saturation as shown in Fig. 7 , when the slurry B was used, is discussed from the relationship between the slurry film thickness and the linear velocity ratio. Here we focused on the surface roughness of the nap layer of the suede pad. In a previous publication (Heiji Yasui, et al. 2010) , the surface asperity of the suede pad is estimated by measuring the nap layer thickness. Figure 14 is the cross sectional SEM image of the nap layer. The thickness of the nap layer was approximately 550 μm. The surface asperity of the suede pad is estimated at 50 μm, the region between the dotted lines. Figure 15 is the linear velocity shown in Fig. 8 , where in addition the estimated slurry film thickness is added on the y-axis and the dotted line indicates the 50 μm of the suede pad surface asperity. Therefore, the slurry film thickness exceeds the estimated surface asperity of the suede pad for rotational (a) When pad asperity is larger than slurry film thickness (b) When slurry film thickness is larger than pad asperity Fig. 16 Cross section between the wafer and the polishing pad during polishing speed above 50mm -1 . The removal rate by slurry B is found to saturate when the rotational speed is larger than 50 min -1 , as shown in Fig. 7 . Figure 16 illustrates the schematic diagram of the cross section between the wafer and the polishing pad during CMP when the slurry B was used. As shown in Fig. 16 (a) , the abrasives are accumulated due to the friction against the wafer (Boumyoung Park, et al., 2009) (Xuesong Han, et al., 2009 ) and the accumulated abrasives effectively work for polishing at the actual contact points (Akira Isobe, et al., 2013) . On the other hand, Fig. 16 (b) shows that the abrasives do not work effectively when the slurry film thickness becomes thicker than the surface asperity of the polishing pad. Thicker slurry film causes less contact points and less accumulated slurry, which reduces the friction between the wafer and the slurry all over the wafer surface. As a result, when the slurry B is used the linear velocity ratio is increased and the removal rate is saturated when the rotational speed is larger than 50 min -1
. The increase of the rotational speed acceralates the mechanical effect on the removal rate. In contrast, the less contact points and less slurry deceralate the slurry effect on the removal rate simultaniously. The slurry effect is balanced with the mechanical effect. Therefore, the removal rate of slurry B is saturated as shown in Fig. 7 . It is also clarified that the increase of the linear velocity ratio causes the reduction of the contact points as shown in Fig. 16 because the linear velocity ratio is increased not partially but entirely over the wafer surface as shown in Fig. 6 (II)-(b) .
From these results we suggest the primary role of the linear velocity ratio in the CMP process. When the slurry film thickness becomes larger, the collision probability between the abrasives in the slurry and the wafer becomes smaller. Simultaneously, a thicker slurry film causes less interaction between the slurry and the wafer, which results in a larger linear velocity. As a result, the linear velocity ratio has an inversely proportional relationship to the removal rate. It is important to control the slurry film thickness in order to obtain an optimized linear velocity, which enables us to achieve higher removal rate. Finally, the brightness evaluation of the slurry flow image is a useful tool to more easily evaluate the slurry film thickness in the CMP process.
Summary
In this study, the effect of the slurry type on the removal rate in the sapphire-CMP technique was experimentally demonstrated. 1) The linear velocity ratio can be the most effective parameter to estimate the slurry abrasive action between the slurry and the wafer during CMP. 2) The linear velocity ratio can be controlled by the relevant polishing parameters.
3) It is expected the possibility to control the removal rate with the optimized linear velocity in the contact interface.
